The 3.45-billion-year-old Strelley Pool Formation of Western Australia preserves stromatolites that are considered among the oldest evidence for life on Earth. In places of exceptional preservation, these stromatolites contain laminae rich in organic carbon, interpreted as the fossil remains of ancient microbial mats. To better understand the biogeochemistry of these rocks, we performed microscale in situ sulfur isotope measurements of the preserved organic sulfur, including both Δ 33 S and δ 34 S CDT . This approach allows us to tie physiological inference from isotope ratios directly to fossil biomass, providing a means to understand sulfur metabolism that is complimentary to, and independent from, inorganic proxies (e.g., pyrite). Δ 33 S values of the kerogen reveal mass-anomalous fractionations expected of the Archean sulfur cycle, whereas δ 34 S CDT values show large fractionations at very small spatial scales, including values below −15‰. We interpret these isotopic patterns as recording the process of sulfurization of organic matter by H 2 S in heterogeneous mat pore-waters influenced by respiratory S metabolism. Positive Δ 33 S anomalies suggest that disproportionation of elemental sulfur would have been a prominent microbial process in these communities.
The 3.45-billion-year-old Strelley Pool Formation of Western Australia preserves stromatolites that are considered among the oldest evidence for life on Earth. In places of exceptional preservation, these stromatolites contain laminae rich in organic carbon, interpreted as the fossil remains of ancient microbial mats. To better understand the biogeochemistry of these rocks, we performed microscale in situ sulfur isotope measurements of the preserved organic sulfur, including both Δ 33 S and δ 34 S CDT . This approach allows us to tie physiological inference from isotope ratios directly to fossil biomass, providing a means to understand sulfur metabolism that is complimentary to, and independent from, inorganic proxies (e.g., pyrite). Δ 33 S values of the kerogen reveal mass-anomalous fractionations expected of the Archean sulfur cycle, whereas δ 34 S CDT values show large fractionations at very small spatial scales, including values below −15‰. We interpret these isotopic patterns as recording the process of sulfurization of organic matter by H 2 S in heterogeneous mat pore-waters influenced by respiratory S metabolism. Positive Δ 33 S anomalies suggest that disproportionation of elemental sulfur would have been a prominent microbial process in these communities.
early life | biosignature | microbe | paleontology | ion probe P utative fossil microorganisms and stromatolites interpreted as fossil microbial mats are considered to be the earliest morphological evidence for the existence of life on Earth (1-3). The simple morphology of these structures makes it very difficult to identify the kind of life that they might represent. More precise information on specific metabolic pathways can be obtained by analyzing the isotopic composition of ancient materials, which may record fractionation indicative of biological processing (4) . However, in some specific geological settings, such as hydrothermal systems, isotopic fractionation analogous to that produced by microbes can result from purely abiotic processes (5-7). Thus, in order to avoid any misinterpretations, it is of key importance that isotopic measurements be performed on samples whose depositional setting and geological history are as much as possible constrained and understood. This is the case of the stromatolites present in the ca. 3.4-billion-year (Ga)-old Strelley Pool Formation (SPF) of Western Australia, whose petrology and sedimentology have been extensively studied (1, (8) (9) (10) . These sedimentary structures show a morphologic complexity and diversity that is best explained by involvement of microbial mats in their formation (1) . Furthermore, they contain organic material preserved by early silicification, interpreted as the biomass of ancient microbial mats (8) . This fossil organic material, whose authigenic and primary origin is supported by petrographic relationships with the stromatolitic laminations (8) , offers the opportunity to gain, via isotopic analysis, new insights into the structure and function of early microbial communities.
Experimental Methods
Sulfur Isotope Records of Metabolism. The abundances of stable sulfur isotopes are often useful in documenting past microbial metabolisms because the fractionations imparted by biology are both large and distinctive. Sulfate-reducing bacteria preferentially metabolize 32 S relative to 34 S, releasing H 2 S that is depleted in 34 S by up to approximately 70‰ (11, 12) . Similar isotopic fractionations are also produced by microbes that disproportionate sulfur compounds of intermediate oxidation state (e.g., S 0 , S 2 O 3 2− , and SO 3 2− ) (13, 14) . In natural anaerobic environments, these biologic processes result in dissolved porewater sulfide characterized by relatively low, often variable δ 34 S CDT ½¼ ð 34 S∕ 32 SÞ sample ∕ ð 34 S∕ 32 SÞ CDT − 1 values (15) that can be recorded in sedimentary rocks by the precipitation of sulfide-bearing minerals like pyrite. Consequently, large ranges in δ 34 S values of sedimentary pyrite are widely used to infer the operation of sulfur-based metabolisms from present day to about 2.5 Ga ago (16, 17) .
Older rocks record much lower δ 34 S variability, potentially indicating either a lack of sulfur-based metabolism (18) or that such metabolism operated under low seawater sulfate concentrations, where net fractionations are generally small (19) . A notable exception to this trend is the observed large range of δ 34 S values recorded in discontinuous laminations of microscopic pyrite hosted in large bedded barite crystals from the 3.47-Ga North Pole deposits of northwestern Australia. Those δ 34 S values were first interpreted as the earliest evidence for microbial sulfate reduction (MSR) (20) , and, in later studies based on 33 S and 36 S measurements, it was debated whether this isotopic signal is indeed due to MSR or microbial elemental sulfur disproportionation (MSD) (21) (22) (23) . What is certain, however, is that the petrogenesis of these barite and pyrite samples is unusual, and they may also be a product of abiotic processes (24-26). A recent study measuring sulfur isotope ratios of pyrite preserved within a sandstone of the ca. 3.4-Ga SPF arrived at a similar conclusion, that both MSR and MSD were active in the sediments at that time (27) . Some of these pyrite crystals are found in the same samples with organic structures interpreted as microfossils, which was used to further support the biological origin of the observed isotopic signal (28).
These ideas are consistent with independent observations from comparative biology suggesting that the biochemistry underpinning these sulfur metabolisms was present early in the history of life (29). However, it is unclear why such signatures of sulfur metabolism are limited to only a few occurrences in early Archean successions, but then disappear for more than one billion years until Paleoproterozoic time, when large S-isotopic fractionations are again recorded in sedimentary sulfides (16, 30) . It is thus reasonable to question the origin of these early Archean pyrite records and whether or not they accurately reflect microbial activities, or might instead reflect fractionations introduced later in the complex history of these sedimentary rocks (31).
To provide insight into this problem, we have measured multiple sulfur isotope ratios preserved in organic matter (kerogen) rather than in pyrite or barite. These are unique data reported for Archean rocks. This archive likely records operation of the sulfur cycle in a slightly different way than does sedimentary pyrite, and offers a metric for comparison. And while the interpretation of organic sulfur (OS) isotope data is no less complex than for pyrite, comparison of these two parallel proxies can improve confidence in their interpretation, especially when observing a suite of rocks that inevitably record a complex history of primary, diagenetic, and metamorphic processes (26). Furthermore, the OS proxy can be mechanistically connected to a sedimentary texture that itself may constitute a biosignature, inherently reinforcing any biological interpretation. Measurement of OS in Archaean rocks is, however, quite challenging and required development of a unique analytical approach.
Ion Probe Measurements of Organic Sulfur. A significant problem in studying OS within Archean rocks is that its relative abundance is typically low, and the organic domains are very small, thermally over-mature, and thus not readily extractable in sufficient amount for conventional bulk analysis. In order to meet this challenge, we developed a method that uses secondary ion mass spectrometry (SIMS) to make OS isotope measurements on small quantities of kerogen obtained by acid extraction, as well as directly in situ on petrographic thin-sections. A Cameca NanoSIMS 50L ion probe was used to perform δ 34 S measurements on thin sections and acid extracts from regions of 3 × 3 μm. In addition, we used a Cameca IMS 7f-GEO, but-due to the more limited spatial resolution of approximately 10 × 10 μm-exclusively on kerogen extracts.
The analytical performance of this method was documented through analyses of four Phanerozoic kerogen standards of various origin and S/C ratios, with bulk δ 34 S values ranging from −23‰ to þ27‰ (Table S1 ). The results obtained with the two ion probes are consistent with those from an elemental analyzerisotope ratio mass spectrometer (EA-IRMS) and indicate an overall uncertainty in δ 34 S of less than 5‰ using either SIMS instrument ( Fig. 1 and Tables S1-S4). Δ 33 S measurements (where Δ 33 S ¼ δ 33 S-0.515δ 34 S) were only performed on kerogen extracts using the IMS-7f GEO, with a spatial resolution of 50 × 50 μm and an overall precision of 0.5‰ (Table S3 ). δ 34 S values do not reflect differences in the S/C ratio of the samples or the sulfur ion count rate (Tables S1-S4) , and the measured variability of δ 34 S is substantially larger than the expected analytical precision, particularly for in situ analyses with the NanoSIMS instrument. The exact cause of this fine-scale isotopic variability is less clear. Previous ion probe studies targeting pyrite observed microscale isotopic variability and interpreted this to indicate microbial processes (15, 27, 32) . It is known that these metabolic processes-and consequently their isotopic fractionations-vary significantly in space and time and as a function of mass flux within the system (i.e., open versus closed system) (14, 27 ). Thus, a biological origin represents one reasonable interpretation for small-scale isotopic variability observed in the studied kerogens. However, no study has specifically evaluated the isotopic homogeneity of abiotic OS, and ion probe studies of sulfide minerals have shown that small-scale isotopic variability up to 20‰ might also form in hydrothermal settings where a biogenic source of sulfide is not obvious (32). Thus, small-scale isotopic variability in OS by itself cannot unambiguously prove the existence of past sulfur metabolism. Further observations will be required to ascertain whether such fine-scale isotopic variability is characteristic of biological sulfur cycling.
Geological Context of the Studied Samples. Sediments of the SPF were deposited on the Pilbara Craton, Western Australia, between 3.43 and 3.35 Ga ago (1), and are part of the southwestern Panorama Greenstone Belt. This formation contains the Earth's oldest preserved carbonate platform, including a well-developed stromatolite reef. The present study focuses on samples of encrusting domical stromatolites (8) from a bed near the base of the carbonate platform succession (bed 1 of SPF member 2), collected from an outcrop situated on southern "Anchor Ridge" (8) . These stromatolites consist of laminated dolomite and chert with discontinuous layers of carbonaceous material and chert-filled fenestrae (8) . Organic matter is preserved in many of the stromatolites and occurs in discrete laminae that are concordant with the carbonate depositional laminae, including intraclast conglomerates that onlap the stromatolites. These organic-rich layers are comprised of silicified organic particles situated along dolomite grain boundaries (Fig. 2) , both of which are surrounded by early diagenetic isopachous fenestrae-filling chert and a chert matrix that contains negligible organic matter. These petrographic relationships indicate that organic-rich layers formed at the stromatolite-water interface prior to diagenesis and were not later introduced into the rock (8) . Moreover, organic-rich layers adhered to stromatolite slopes steeper than 30°, without thickening into lows as expected if the organic particles were detrital in origin. These textural features indicate that the organic material is syngenetic and autochthonous, and likely reflects the relict biomass of an ancient microbial mat (8) . This interpretation is further supported by Raman spectroscopic studies of the various facies within the SPF, showing that the carbonaceous material within the stromatolites has a lower thermal maturity (i.e., approximately 200°C) compared to the organic carbon in both older and younger deposits of hydrothermal origin that record temperatures of approximately 400°C (10, 33) .
Results
Ion probe measurements of kerogen extracted from the SPF stromatolites by HF/HCl dissolution of the chert matrix revealed a large range of δ 34 S values, including some below −15‰ (Fig. 3 of −11.5‰ (Table S2) , and Δ 33 S values ranging from −0.2 to þ2.1‰ ( Fig. 3 and Table S3 ). Those measured by NanoSIMS from regions of 3 × 3 μm show an even larger range of approximately 40‰ with an average value of −6.7‰ (Fig. 4 and Table S4 ). The NanoSIMS results are consistent with those made on the IMS-7f within an uncertainty of 5‰, the effective precision defined by measurements of four different kerogen standards (Fig. 1) . NanoSIMS analyses were also performed directly in situ on two petrographic thin sections, and include a total of six regions that contain preserved organic material (Figs. 2 and Figs. S1 and S2). Kerogen in each region was also characterized by Raman spectroscopy (Fig. S3) . Consistent with previous reports, kerogen in these SPF samples is composed of disordered organic matter that witnessed maximum postdepositional temperatures equivalent to lower greenschist facies metamorphism (10) . The maturity of this organic matter matches the expected thermal grade experienced by the host rock (25), and rules out contamination of our samples by modern endolithic bacteria. The δ 34 S values of 40 separate organic particles measured in situ by NanoSIMS range from −17.4‰ to þ36.6‰, with an average value of þ5.5‰. Differences of more than 30‰ are common between adjacent particles, which are in some cases separated by less than 50 μm. NanoSIMS δ 34 S analyses of the extracted kerogen (with bulk δ 13 C of −27.8‰) are, on average, slightly more negative than values obtained by in situ measurements performed directly on the stromatolite thin sections (Fig. 3 ). It is difficult to assess whether these distributions are meaningfully different, or would instead converge given more observations of other regions within the stromatolite. If the distributions are indeed real, several factors might contribute to the difference (see SI Discussion).
Although it is quite unlikely that the observed offset is due to a matrix effect, which is expected to preferentially increase counts of the lighter isotope and thus lower the isotope ratio (opposite to the observed trend), we cannot rigorously exclude that the presence of the chert matrix has a cryptic effect on our NanoSIMS measurements that is not present in our admixture control experiments. Rare pyrite crystals were identified in the early-silicified stromatolites, offering an opportunity to compare the isotopic composition of these two different S-bearing phases. These crystals (Fig. 2) , and in situ from pyrite crystals (Fig. S4 ). are not spatially associated with the kerogen and show a euhedral habit indicating precipitation during late diagenesis/metamorphism and/or recrystallization of existing pyrites (Fig. S4) . IMS-7f and NanoSIMS measurements of these pyrites revealed δ 34 S values that range from −18.6‰ to −5.4‰ ( Fig. 3 and Tables S3 and S4 ) and Δ 33 S values ranging from −0.2 to þ1 (Fig. 4 and Table S3 ). δ 34 S values measured from pyrite crystals are broadly similar to those measured from isolated kerogens, whereas they are approximately 10‰ depleted in 34 S relative to δ 34 S of the in situ OS measurements (Fig. 3) . OS in marine sediments is commonly enriched in 34 S relative to the coexisting pyrite by an average of 10-20‰ (34, 35). The reasons for this offset remain unclear and debated (36). One proposed explanation is that pyrite derives entirely from a reduced sulfur pool, whereas OS also includes a portion of biosulfur assimilated from a sulfate pool enriched in 34 S (34). According to this view, and consistent with our data from acid extracts, smaller differences should be expected in the Archean mats wherein fractionations between sulfate and sulfide were likely smaller (19) . Timing of the sulfur incorporation, different sulfur species, and fractionation due to the sulfurization process are other factors that might produce isotopic fractionations between OS and pyrite (36). In our case, the absence of a large offset combined with petrographic evidence for pyrite recrystallization makes it difficult to speculate on the relative importance of these processes. It is entirely possible that pyrite formed from H 2 S deriving from the thermal maturation of kerogen, which would naturally explain their similar δ 34 S values. The Δ 33 S values of OS are, on average, slightly more positive than those of pyrite. However, considering the overall range of values recorded in both phases, it would be speculative to propose two substantially different S sources for OS and pyrite. Likely, sulfur constituting the pyrite and that vulcanized into organic matter has the same primary origin, and the local δ 34 S differences might be attributed to slightly different times of emplacement and/or slight modification during metamorphism. The crystal habit, δ 34 S, and Δ 33 S values of pyrite crystals present within the SPF stromatolites are similar to those measured in a previous study from member 1 of the formation, which have been interpreted as the product of microbial activity (27).
Discussion
The organic matter in fossil microbial mats from the SPF exhibits a large range in sulfur isotope ratios. In general terms, the isotopic composition of sedimentary OS could depend on (i) the isotopic composition of biologically assimilated sulfur, generally from environmental sulfate (34), (ii) the isotopic composition of pore water sulfide and polysulfide species undergoing abiotic reactions with organic functional groups (34-36), and (iii) isotopic fractionations occurring during thermal maturation of the sedimentary organic matter. The isotopic fractionation associated with assimilatory sulfate reduction is generally small (i.e., approximately 1-3‰) (37); thus, biosulfur has an isotopic composition close to that of ambient sulfate. In modern marine environments, assimilated biosulfur has a δ 34 S value of approximately 21‰ reflecting the marine sulfate reservoir. The isotopic composition of seawater sulfate (or other species that might have served for assimilation) in Archean oceans is unknown, but it is likely to have been closer to 0‰.
The isotopic composition of diagenetic OS is determined by that of reactive porewater species, primarily sulfide and polysulfides, due to the fractionation associated with the activities of MSR and MSD. Fractionations associated with the sulfurization process itself are small, with a maximal reported difference of 4-5‰ between porewater sulfide/polysulfides and OS (36). Diagenetic sulfur is thought to account, on average, for at least 80% of the total OS in Phanerozoic sediments (34, 38). In older rocks, the exact contributions of biosulfur and diagenetic sulfur cannot be easily determined. Diagenetic sulfurization could have been less important if seawater sulfate concentrations-and thus porewater sulfide concentrations-were substantially lower. However, studies of modern sulfate-poor lacustrine environments demonstrate that strictly euxinic conditions are not required for OM sulfurization to take place (39). In some freshwater lakes, significant enrichment of OS has been reported to occur at sulfate concentrations lower than 150 μmol∕L, even in the presence of reactive iron (39). Moreover, because the percentage of biosulfur is expected to decrease during diagenesis due to the lability of amino acids, it is likely that OS preserved in mature Archean kerogens mainly derives from sulfurization processes.
Additional modifications of OS can occur as the kerogen thermally matures and ages, but kerogen pyrolysis experiments conducted at 200-365°C [the same temperature range reached by the SPF stromatolites during metamorphism (10)] have revealed that these fractionations are small; i.e., <3‰ (40). Thus, fractionations associated with assimilatory biotic processes, abiotic sulfurization reactions, and thermal maturation can only account for δ 34 S variations of −5‰ to 8‰ with respect to ambient environmental sulfur, and do not explain the larger variations observed in the OS of the SPF stromatolites. Rather, the large variations in δ 34 S for kerogen sulfur likely indicate similarly large variations in the composition of environmental sulfate and/or sulfide.
In principle, it is possible for large (tens of permil) variations in δ 34 S to result from purely abiotic geological processes; e.g., during hydrolysis of SO 2 in relatively oxidizing magmatic fluids (5) or hydrothermal sulfate reduction in the presence of a metal catalyst (6) . However, the petrographic context of the samples studied here does not support a hydrothermal origin of the kerogen. Rather, early silicification of host stromatolites appears to have provided the unique taphonomic window for preservation of the former mats. Rare earth element distributions in member 2 of the SPF, which include the studied stromatolites, indicate that chert and carbonate present in association with kerogen was derived from seawater, and that neither appear to be replacement phases derived from hydrothermal fluids that may have impacted the SPF elsewhere (9) .
Anomalous mass dependence of sulfur isotope ratios (i.e., Δ 33 S ≠ 0) are common in many sulfide and sulfate minerals older than 2.4 Ga, but are virtually absent in younger rocks (41). These anomalies have been interpreted as the result of gas-phase reactions that occurred in an early anoxic atmosphere before the great oxidation event (41). SO 2 photolysis causes isotopic massindependent fractionation (MIF), forming elemental sulfur with positive Δ 33 S anomalies and sulfate with negative anomalies (41, 42). In the absence of oxidative homogenization, such signals might be independently transferred from the atmosphere to the oceans and then preserved in the rock record (43, 44). According to this hypothesis, the presence of a positive Δ 33 S anomaly in the kerogen extracted from the SPF stromatolites further confirm its Archean origin, indicating that at least part of the vulcanized sulfur derived from aerosols produced in an early anoxic atmosphere.
Concurrent with MIF, photolytic reactions also produce conventional mass-dependent fractionations (42). Positive correlations between Δ 33 S anomalies and δ 34 S values recorded in pyrites have been interpreted to represent a photolytic signal, without further modification by other fractionation processes (45). Such a correlation is not observed in the SPF stromatolites (Fig. 4) ; thus, the observed δ 34 S values cannot be explained exclusively through atmospheric reactions. An additional fractionating process must have overprinted the photolytic signal. In studies targeting pyrites, positive Δ 33 S anomalies associated with negative δ 34 S values (as observed in the SPF kerogen) are interpreted to have formed via microbial disproportionation of the elemental sulfur reservoir, whereas microbial reduction of sulfate should produce negative δ 34 S values and negative Δ 33 S anomalies (21, 22, 46) . The utility of this interpretative framework is, however, still debated (31, 47). Recent studies have shown that Δ 33 S anomalies are not exclusively produced in the atmosphere but may also be the result of reactions involving sulfur compounds and organic materials (31, 47). Thus, an unequivocal interpretation of Δ 33 S values recorded in ancient organic matter will require a better understanding of the processes underlying MIF.
Petrographic relationships and Raman spectroscopy indicate that the analyzed kerogen is autochthonous and was not later introduced into the stromatolite, and the observed Δ 33 S anomaly (absent in rocks younger than 2.4 Ga) supports the Archean age of the vulcanized sulfur. However, we cannot categorically exclude postburial incorporation of the OS. Fluids produced at distance from the stromatolites could have interacted with the kerogen during burial diagenesis or metamorphism. Nevertheless, sulfide incorporation into the kerogen is considered an important step for the preservation of organic material (38). The affinity of organic matter for sulfide addition is high during early diagenesis, but drops rapidly as functional groups are lost. Thus, it is more likely that sulfide incorporation into the kerogen occurred during early diagenesis, rather than substantially later during metamorphism of a silicified rock.
Taken together, these results suggest that organic-rich laminae within the SPF stromatolites contain sulfur that was derived from porewater sulfide present in an ancient microbial mat during the deposition of primary sediments. The abundant positive Δ 33 S anomalies recorded in OS indicates that the ultimate source of sulfur was predominantly atmospherically cycled elemental sulfur. In order to be incorporated into kerogen, elemental sulfur would first have to be reduced to sulfide or polysulfide. We propose that such a transformation was achieved by sulfur disproportionating organisms, using organic compounds (for example the biomass of SPF mats), H 2 , or CH 4 as electron donors to form H 2 S. This microbial process is known to induce significant S-isotopic fractionation, and can explain the negative δ 34 S values recorded in OS. Conversely, negative δ 34 S values of OS are very difficult to explain as deriving largely from bioassimilated seawater sulfate. Indeed, assimilatory processes do not produce large isotopic fractionations, and, in the Archean, seawater sulfate likely had an isotopic composition close to 0‰ (17) . Our data do not exclude additional sulfur processing by MSR, which could have coexisted with MSD. Mixing between sulfate deriving from the atmosphere and sulfate produced by MSD (characterized by Δ 33 S values of opposite sign) may have caused dilution and homogenization of the negative anomaly that is usually attributed to MSR (21, 43 ). δ 34 S patterns similar to that recorded in the SPF stromatolites are known from modern microbial mats of Guerrero Negro, Mexico (15) . This study, also using NanoSIMS, examined the isotopic composition of dissolved HS − within one such mat and revealed δ 34 S values as low as −30‰, with a range of values greater than 30‰. These patterns were interpreted as heterogeneous contributions of both MSR and MSD at depth in the microbial mats. We hypothesize that a similar set of processes was responsible for creating the OS we observed in the ca. 3.45 SPF stromatolites.
Our observations provide additional evidence that sulfurbased metabolism was important in ancient Earth surface environments, supporting existing hypotheses derived from pyritebased studies (20-23, 27, 28, 46, 48, 49) . More specifically, we can tie these physiological processes directly to the mats that were part of the stromatolite reefs preserved in the SPF, thus largely circumventing questions about the timing of pyrite formation. This association does not imply or prove that the stromatolitic laminations were formed by S-metabolizing microbes [sensu Grotzinger and Knoll (2)], though it does highlight possible similarities between these early ecosystems and their modern counterparts (50). Sulfur-respiring microbes are commonly found at depth within modern microbial mats, and-in some lithifying mats-they play an important role in forming laminations, both by locally increasing alkalinity and by releasing or degrading exopolymeric substances that promote the precipitation of authigenic minerals (50). Similar biological processes might have contributed to the formation of the SPF stromatolitic reef.
Materials and Methods
SPF stromatolite samples were collected from an outcrop located on southern Anchor Ridge in the northern Pilbara Craton, Western Australia. The exact location of the outcrop and its stratigraphic position are described in detail by ref. 8 . Bulk organic matter was isolated from the stromatolites by HF/HCl demineralization. Ion probe measurements were performed using a Cameca NanoSIMS 50L and a Cameca 7f-GEO at the Caltech Center for Microanalysis, Pasadena, CA. Ion probe analyses were carried out in situ on ultrapolished thin sections as well as on the isolated kerogen mounted into a layer of indium metal. For detailed information on sample preparation, acid demineralization procedure, kerogen standards, and ion probes analytical conditions see SI Text. (Fig. 3) . Given the challenges associated with the statistics of small numbers, it is not simple to assess whether the characteristics of these distributions are meaningfully different, or would instead converge given more observations of other regions of the stromatolite. If the distributions are indeed real, several factors might explain this difference:
1. The portion of stromatolite sample used for extracting kerogen via HF/HCl dissolution of the rock matrix may not be representative of the regions analyzed in situ. 2. Some S-bearing molecules (e.g., disulfides and polysulfides) may be lost during the HF/HCl demineralization procedure. However, this process is not expected to cause large isotopic fractionation of the remaining organic sulfur (1). 3. A fraction of the signal for in situ measurements may come from elemental sulfur that formed by recent oxidation with atmospheric oxygen. Such elemental sulfur would be lost during the HF/HCl demineralization procedure used for isolation of kerogen. Few studies have determined the effect of oxidation processes on the isotopic composition of organic sulfur. However, existing data indicate that only limited isotopic fractionation occurs during oxidation, leaving the δ 34 S values of the remaining sulfur basically unaltered (2). Moreover, abiotic oxidation processes typically favor 32 S over 34 S. Thus, measurements of extracted kerogen, which do not include the oxidized S, should yield, on average, more positive δ 34 S values relative to the in situ measurements. Our data indicate the opposite trend. 4. The in situ measurements performed on cherts may be subtly influenced by a matrix effect. It is difficult to categorically exclude this hypothesis; however, a matrix effect could be expected to preferentially increase counts of the lighter isotope (3). Comparison of data for kerogens and in situ analyses indicate the opposite trend. Also, no correlation exists between δ 34 S and Si/C ratios, nor between δ 34 S and O/C ratios (where Si/C and O/C are proxies for the amount of chert matrix relative to the amount of organic material), suggesting the absence of a large matrix effect. 5. Mechanical mixing during the extraction process may homogenize the organic material. This could explain the slightly smaller range of δ 34 S values in the extracted kerogen andin conjunction with point 1-potentially the difference in average values. 6. A fraction of the signal from in situ measurements may derive from carbonate minerals containing traces of sulfate. We do not favor this hypothesis because explicit measurements of coexisting carbonate minerals in the thin section yielded a S ion count two orders of magnitude lower than those from organic regions. This comparison also excludes a possible source of background contamination. 7. NanoSIMS measurements are feasible only on organic particles with minimum dimensions of 3 × 3 μm. Smaller particles, which represent an important fraction of the bulk extracted organic material but were not analyzed in situ, could have lower average δ 34 S values.
The precise influence of these factors in the resulting differences between the δ 34 S distributions remains undetermined. However, the results from both in situ measurements and extracted kerogen, even when considered separately, point to the same conclusion: The process of organic matter sulfurization in pore waters was influenced by sulfur-metabolizing microbes. SI Methods. Sample preparation for in situ measurements. Stromatolite samples investigated in this study were collected from an outcrop located on southern Anchor Ridge in the northern Pilbara Craton, Western Australia. The exact location of the outcrop, a detailed petrographic description of the sample, and its stratigraphic position are described in detail by ref. 4 . Ultrapolished thin sections for NanoSIMS analysis were produced from the sample pictured in Allwood et al.'s figure 1 (4) . Thin sections were coated with 30 nm of Au to provide optimal electrical conductivity. To avoid contamination, immersion oil was never used during preliminary investigation by optical microscopy and samples were mounted to the glass without complete impregnation into Epoxy. Samples were cleaned by ultrasonication in highpurity ethanol prior to application of the gold coating.
Extraction of bulk organic matter by HF/HCl demineralization. Samples were first crushed and then demineralized by acidification in HCl followed by HF. About 30 g of sample was placed into aqua regia and solvent-cleaned Teflon tubes (approximately 10 g per tube). Acids were then added to the samples and allowed to react as follows: 6N DCM-extracted HCl for 24-48 h (to remove carbonates) and 48% HF for at least 72 h (to dissolve silicates). In this latter step, we used a modification of the procedure described in ref. 5 whereby we added solid boric acid to the HF digestion to inhibit formation of fluorides. The samples were then washed several times in DCM-extracted HCl followed by DCM-extracted water. The resulting powders were re-extracted and dried. The resulting kerogen had a bulk carbon isotopic composition of −27.8‰ VPDB.
For NanoSIMS analysis, the extracted organic matter was mounted on a steel holder by pressing the powder into a layer of indium metal. Due to the very limited amount of kerogen, it was not possible to analyze the extracted organic material by elemental analyzer-isotope ratio mass spectrometry (EA-IRMS).
Kerogen standards. In addition to the organic matter extracted from the stromatolite sample, four kerogens were used as standards for this study, including: type III-S (Miocene Monterey Formation) (6), type IIS (Cretaceous Ghareb limestone from Jordan) (7), type III (Paleocene lignite from Calvert Bluff Formation of the Wilcox Group in Texas) (7), and protokerogen from the Santa Barbara Basin. The method used for isolating the kerogens is described in ref. 7 .
The bulk δ 34 S composition of the kerogens was determined at the University of California, Riverside, CA using standard elemental analyzer-isotopic ratio mass spectrometer (EA-IRMS) method (8, 9) .
For IMS 7f and NanoSIMS analysis, the kerogen standards were mounted on steel holders by pressing the powders into a layer of indium.
IMS 7f-GEO analysis. The extracted kerogens were investigated with a Cameca 7f-GEO magnetic sector secondary ion mass spectrometer at the Center for Microanalysis of the California Institute of Technology, Pasadena, CA. This ion probe provides lower spatial resolution but higher measurement precision when compared to NanoSIMS. Analytical conditions for session 1 (Table S2) were as follows: presputtering, 10 × 10 μm; data collection, 10 × 10 μm; all masses were measured with Faraday cup (FC) detectors; beam current was approximately 6.5 nA. Analytical conditions for sessions 2 and 3 (Table S2) 33 S measurements are based on the assumption that organic sulfur in kerogens younger than 2.4 billion years (Ga) (the time when anomalous Δ 33 S disappear from sedimentary sulfide likely due to the oxygenation of the atmosphere) has a Δ 33 S ¼ 0 (10). This assumption was not independently tested by measuring Δ 33 S of the kerogens with a bulk method.
NanoSIMS analysis.
Isotope ratio measurements were performed using the Cameca NanoSIMS 50L at the Center for Microanalysis of the California Institute of Technology, Pasadena, CA. Analyses of organic material were carried out by rastering an approximately 20 nA Cs þ ion beam across presputtered 3 × 3 μm regions of the samples. The secondary ions species 12 C − , 16 O − , 28 Si − , 32 S − , and 34 S − were recorded simultaneously by electron multipliers. The regions of interest were located using the Nano-SIMS charge coupled device camera and real-time 12 C and 32 S ion imaging. Data were collected in 16 analytical sessions over a period of one year. The results of each session are presented in Table S4 and Fig. S4 in the original sequence of the measurements. All analyses of the samples were interspersed with multiple measurements of a standard. Instrument mass fractionation during each session was corrected by calibration to the kerogen standard from the Monterey Formation. No systematic drift in the recorded 34 S∕ 32 S ion-current ratios due to detector ageing was observed when comparing measurements of the standards at the beginning and end of each session. Thus, no drift correction has been applied. Incomplete coverage corrections were not necessary because the analyses were performed exclusively on regions in which organic material filled the 3 × 3 μm raster area. Raw 34 S∕ 32 S ratios were corrected for electron multiplier deadtime, and corrected for quasi-simultaneous arrivals (QSA) using the relationship R measured ¼ R true · ð1 þ β · KÞ; with β ¼ 0.5 and K ¼ 32 S − ∕Cs þ (11, 12) . Because questions persist concerning the general validity of this formula (11, 12) , we recalculated our data both without QSA correction and by applying the QSA correction with β ¼ 0.69 [i.e., the value obtained experimentally through the measurement of sulfide minerals (11)]. By using the QSA correction with β ¼ 0.5, the δ 34 S values measured from the stromatolites (session 1 to session 13 in Table S4 ) range from 16.6‰ to 40.6‰. If we do not apply the QSA correction, δ 34 S range from 19.9‰ to 36.6‰, and, on average, they are 3.4‰ more negative than the values corrected with β ¼ 0.5. By applying the QSA correction with β ¼ 0.69, δ 34 S values range from 15.4‰ to 42.2‰ and are, on average, 1.3‰ more positive than the values corrected with β ¼ 0.5. Such differences are small relative to the total range of measured δ 34 S values (>56‰ in all three cases) and so do not influence our interpretation of the data. In Table S4 , data are reported both with and without QSA correction. Measurements performed on the four kerogens of known isotopic composition indicate that NanoSIMS data match slightly better those obtained with IMS 7f-GEO if no QSA correction is applied. Thus, Fig. 1 and Fig. 3 were based on data without QSA correction. No correlation between δ 34 S and Si/C, δ 34 S and O/C, or δ 34 S and 32 S count rate were observed during any of the in situ measurements. Such correlations could be diagnostic of analytical artifacts due to the presence of the mineral matrix. Raw sulfur isotope composition of kerogen (i.e., noncorrected for instrumental mass fractionation) expressed in ‰ relative to the V-CDT standard. § Sulfur isotope composition of kerogen corrected for instrumental mass fractionation and expressed in ‰ relative to the V-CDT standard. ¶ Internal error (1σ). ∥ Standard deviation (1σ) for the linear regression used to correct for the instrumental mass fractionation during each session. 
